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ABSTRACT

Objective: The objective of this work was to determine the impact of therapeutic hypothermia (TH)
on the magnitude and time course of mean diffusivity (MD) changes following hypoxic-ischemic
encephalopathy (HIE) in newborns.

Methods: Cerebral MRI scans of infants undergoing whole body TH for HIE from 2007 to 2010
were retrospectively reviewed. The data were analyzed identically to a control group of newborns
with HIE previously published, prior to the development of TH. Anatomic injury was defined on T1-
and T2-weighted (“late”) MRI obtained after the fifth day of life. Since MD values vary regionally,
the ratios of MD values for injured and normal tissue were calculated for areas of injury. Normal
values were obtained from corresponding brain regions of 12 infants undergoing TH who had no
injury on MRI studies.

Results: Twenty-three of 59 infants who underwent TH and MRI displayed cerebral injury on late
MRI and were included in the study. MD ratios were decreased in all injured infants within the first
7 days of life. The return of MD to normal (pseudonormalization) occurred after the tenth day as
compared to 6–8 days in the control group. Infants with severest injury demonstrated greater
reduction in MD, but no difference in time to pseudonormalization.

Conclusion: TH slows the evolution of diffusion abnormalities on MRI following HIE in term in-
fants. Neurology® 2012;78:1420–1427

GLOSSARY
BGS � basal ganglia score; BS � brainstem; BSS � BS score; CbS � cerebellum score; Cx � cortical; CxS � cortical score;
DNGM � deep nuclear gray matter; DOL � day of life; DWI � diffusion-weighted imaging; GI � global injury; GS � global
score; HIE � hypoxic-ischemic encephalopathy; MD � mean diffusivity; PLIC � posterior limb internal capsule; ROI � region
of interest; T1W � T1-weighted; T2W � T2-weighted; TE � echo time; TH � therapeutic hypothermia; TR � repetition time;
WM � white matter; WMS � white matter score.

Hypoxic-ischemic encephalopathy (HIE) remains a major cause of adverse outcome in the
term born infant,1–3 and therapeutic hypothermia (TH) has been shown to safely improve
neurodevelopmental outcome.4 Infants with HIE typically undergo MRI studies to assess prog-
nosis, as the anatomic pattern of lesions is a powerful predictor of neurodevelopmental out-
come,5,6 including those treated with TH.7 Previous MRI studies of infants treated with TH
have demonstrated a reduction in markers of neuronal8,9 and subcortical white matter injury.10

TH does not affect either the predictive value of late MRI7 or the recommendations for the
timing for acquiring an MRI.11 While conventional MRI are useful for the evaluation of brain
injury in term HIE12,13 they often only show subtle changes in response to injury during the
first days following injury.14 Findings on diffusion-weighted imaging (DWI) are more conspic-
uous and seen earlier—during the first hours to days—after injury in normothermic pa-
tients.15,16 Thereafter, the initially low mean diffusivity (MD) values increase and reach normal
values (“pseudonormalize”) by the end of the first week following injury.17–21 We aimed to
evaluate the time course of diffusion imaging values in infants with HIE who underwent TH.
This time course was compared with data from a previous study of injured infants who were
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not treated with TH.17 We hypothesized that
TH slows the evolution of MD changes, de-
laying pseudonormalization.

METHODS Subjects. Cerebral MRI scans of infants under-
going whole body TH for HIE from April 2007 to October
2010 at St. Louis Children’s Hospital, St. Louis, MO, were ret-
rospectively reviewed. The selection criteria for infants to receive
TH were as follows:

�35 weeks’ gestation

�6 hours of age

Clinical encephalopathy (abnormal tone, poor responsiveness,
or excessive irritability)

Known or suspected perinatal ischemic events evidenced by
either catastrophic sentinel event or 2 criteria from the fol-
lowing: fetal or neonatal acidemia (pH �7.0 or based defi-
cit �12 mEq/L), Apgar score of �5 at 5 minutes, or
ventilatory support for �5 minutes.

Exclusion criteria included age over 6 hours, weight under 2
kg, presence of major congenital abnormalities, and imminent
death. Infants were cooled for 72 hours with a target core tem-
perature of 33.5°C.

All infants with HIE who underwent TH and had an MRI
within the 2 first weeks of life were eligible for enrollment. The
clinical team caring for the infant determined the timing of the
MRI study. The infants were imaged without sedation.22

Standard protocol approvals, registrations, and patient
consents. The Human Research Protection Office (Washing-
ton University School of Medicine) approved the study.

MRI. Clinical MRI scans were performed on 3T Trio Siemens
scanners (Erlangen, Germany). The imaging sessions included
axial, magnetization-prepared rapid gradient echo T1-weighted
(T1W) images (repetition time [TR]/echo time [TE] 1,500/3
msec, voxel size 1 � 0.7 � 1 mm3) and turbo spin echo T2-
weighted (T2W) images (TR/TE 8,600/160 msec, voxel size 1 �

1 � 1 mm3, echo train length 17). Due to the retrospective
nature of the study, there was some variability in the DWI se-
quences. DWI was obtained using a single-shot, echoplanar im-
aging sequence with diffusion sensitization obtained in 3–12
different directions and b values of 0 and 1,000 s/mm2. Spatial
resolution was 1.5 � 1.5 � 3 mm3.

MD maps were computed and diffusion values were mea-
sured in regions of anatomic injury. The brain injury regions of
interest (ROI) were defined by evaluating “late” MRI (T1W,
T2W, DWI) obtained after day of life (DOL) 5 except for 3
symptomatic infants who had global injury (GI) with diffuse
abnormality and did not survive to DOL 5. These ROIs were
identified and analyzed by a board-certified neuroradiologist
(J.S.) and pediatric neurologists (N.B., A.M.) who were blinded
to the patient’s history. With use of the anatomic information
from these conventional images, the corresponding brain area on
the diffusion map was chosen and the injured region identified.
ROIs were drawn within the injured lesions and diffusion values
sampled using Citrix (Fort Lauderdale, FL). For patients with
GI, ROIs were placed within every injured region, and the low-
est value was selected for the study. Since MD values vary region-
ally in normal brain, the ratios of MD values for injured and
normal tissue were calculated for areas of injury. Normal values
were obtained from corresponding brain regions of 12 infants
scanned twice undergoing hypothermia who had no injury on

MRI studies with diffusion coefficients value within the norma-
tive ranges described previously.23 Differences were resolved by
consensus among the 3 readers. These values were compared to
those obtained in a previous study17 in 10 newborns who were
not treated by TH.

MRI scoring system. The patterns of injury on the DWI,
T1W, and T2W studies were categorized as white matter (WM),
focal cortical (Cx), deep nuclear gray matter (DNGM), and GI.
GI was defined by the presence of 3 or more patterns of injury
and involvement of both hemispheres. If the patient had more
than 1 lesion the lowest value of MD was used. WM lesions were
defined by loss of cerebral cortical gray–white differentiation on
T1W or T2W images and a decreased MD in a border-zone
region; Cx injury was defined by high cortical signal on T1W
imaging and a decreased MD in the cortical ribbon; DNGM
lesions were identified by high signal on T1W imaging or a
decreased signal on T2W imaging in basal ganglia or a loss of the
normal low T2W signal in the posterior limb internal capsule
(PLIC) or ventral nuclei of the thalami (figure 1).

Anatomic and diffusion scans were graded using a qualitative
injury scale, a modification of a previously published method.24

Regions were scored independently for signal abnormality in
each hemisphere on T1W, T2W, and DWI sequences, thus cre-
ating a 6-part score (left and right T1W, T2W, and DWI). Most
regions were scored on a scale of 1 to 4 (except the brainstem
[BS], scaled 1 to 3 due to its small size), with higher scores
reflecting greater severity of injury (1 � normal; 2 � mild focal
abnormality affecting �25% of the region; 3 � moderate multi-
focal abnormality affecting 25%–50% of the region; 4 � severe
widespread abnormality affecting �50% of the region). The re-
gions graded on this scale (range 6–24) were used to create com-
ponent scores, including a WM score (WMS), Cx score (CxS),
and cerebellum score (CbS). The BS score (BSS) ranged from 6
to 18. The scores from the caudate, putamen/globus pallidus,
thalamus, and PLIC were added into 1 basal ganglia score (BGS,
range 24–96). The global score (GS) was calculated as the sum
of the 5 subscores (range 48–186):

GS � BGS � WMS � CxS � BSS � CbS

Note that the BGS is intentionally more heavily weighted in the
GS due to the severity of neurodevelopmental deficits associated
with injury to this region.

Overall, injury was considered mild if the GS was between
49 and 59, moderate if between 60 and 80, and severe if �81.

Diffusion timeline estimation. In order to obtain quantita-
tive estimates of the diffusion as a function of time, the diffusion
changes were modeled as a �-variate function of the form:

MD ratio�t� � 1.0 � N � exp���t� � t�

with t being the time in days. The constants N, �, and � were
estimated using a least squares approach. The �-variate function
was selected since it represents the diffusion changes through
most of the time course, although it cannot model the pseudo-
normalization time point accurately because it does not cross
zero. The time at which pseudonormalization took place was
approximated as the point at which the MD ratio reached 0.9.

Statistical analysis. Statistical analysis was performed using
the Statistical Package for the Social Sciences version 18 (SPSS,
Chicago, IL). Student t test and analysis of variance were used to
compare the differences between outcomes among groups. Two-
sided p values of �0.05 were used to define statistical signifi-
cance for all comparisons. Data are expressed as mean 	 SD.
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RESULTS Population. Sixty-six term babies under-
went TH. Ten patients died and 7 did not undergo
an MRI scan due to severity of illness. Three infants,
included in the study, who died, had an early MRI
(1–3 days, 4 scans) showing GI with extensive corti-
cal, DNGM, and BS injuries.

Of the 59 infants who underwent MRI, 20 had
brain injury detected on MRI obtained after DOL 5.
These 20 patients, plus the 3 who had GI, underwent
37 MRI studies, and 12 had serial studies (10 and 2
patients had respectively 2 and 3 studies). The age at
MRI scan was 6.2 	 4.1 days (range 0–17 days).
The demographic information for these 23 patients
is summarized in table 1. None of these patients had

proven sepsis, viral infection, or hypoglycemia dur-
ing their hospitalization.

MRI description. The pattern and the severity of the
lesions for each patient are detailed in table 1. WM
(35%) and DNGM (19%) lesions were the most
common. The mean qualitative injury scores are as
follows: BGS � 39.9 	 24.8 (range 24 –96);
WMS � 12.4 	 5.8 (6–24); CxS � 12.8 	 6.9
(6–24); BSS � 9 	 5.2 (6–18); CbS � 8.1 	 2.5
(6–20); GS � 81.5 	 41.6 (49–178).

The MRI characteristics of patients scanned more
than once are summarized in table e-1 on the Neurol-
ogy® Web site at www.neurology.org. Early DWI

Figure 1 Images from 4 patients scanned at 2 timepoints

The first presented with global injury (A, E, I, and M); the second presented with basal ganglia and posterior limb internal
capsule (PLIC) injuries (B, F, J, and N); the third presented with cortical injury (C, G, K, and O); the fourth presented with
border zone injury (D, H, L, and P). Diffusion imaging during the first 4 days after birth (A–D) shows respectively global
(cortex and deep nuclear gray matter), bilateral PLIC, right temporal cortex, and right occipital border zone reductions in
mean diffusivity (MD) with resolving reductions in MD seen in the delayed images obtained at 5–10 days after birth (I–L).
The most persistent reduction in MD is seen in the global injury case (I). Corresponding T2-weighted images during the first
4 days after birth (E–H) showed mild lesions, more conspicuous in T2 images obtained after day 4 (M–P), demonstrating
respectively a complete loss of cortical ribbon and an absence of differentiation between white and gray matter, absence
of normal ventral thalami nuclei and PLIC signal (M), an absence of normal signal in the PLIC (N), a hypointensity surrounded
by hyperintensity in right temporal lobe suggestive of hemorrhagic infarct (O), and subtle signal abnormality in the right
occipital region (P). DWI � diffusion-weighted imaging.
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failed to show injury identified on conventional im-
ages at DOL 10 in 1 moderately injured patient (pa-
tient h, table e-1). In 2 patients (patients d [severe
injury] and f [mild injury], table e-1), early DWI
(DOL 1 and 5) demonstrated injury that was not
detected by conventional imaging.

MD, magnitude, and time course. Timeline of alteration

in diffusivity. As shown in figure 2, A and B, and table
2, the values were lowest between DOL 2 and 6
(0.58 	 0.16). Fitting the data to a �-variate func-
tion (figure 2, A and B) predicts that pseudonormal-
ization takes place at approximately DOL 11 and 12,
and does not depend on the severity of injury (figure
2B). Pseudonormalization did not depend on the
pattern of injury. MD ratios after DOL 6 were re-
spectively 0.83 	 0.13, 0.79 	 0.08, 0.83 	 0.11
for WM, Cx, and DNGM lesions. Six infants exhib-
ited increased MD ratio (days 10 to 12), not reflected
in figure 2, due to our choice of using the lowest MD
when more than 1 lesion is present (see MRI scoring
system).

Relationship to pattern of injury. The size of the le-
sion was incorporated through the scoring system
with a larger score given to larger lesions. The MD
ratio did not differ in relation to the regional pattern
of the lesion in WM: 0.63 	 0.15, DNGM: 0.63 	

0.17, Cx: 0.64 	 0.23, but differed in the presence
of a GI: 0.45 	 0.10 (p � 0.049) (these data are
from the first 7 days, date of the last scanned global
injured patient). The pattern of injury did not affect
the initial drop of the MD in WM: 0.63 	 0.14,
DNGM: 0.64 	 0.22, Cx: 0.54 	 0.16 (these data
are from the first 5 days after birth).

The MD ratio was strongly related to the GS
(Pearson r � �0.59, p � 0.001, figure 3). The major
determinant of the MD ratio was severity of injury. At
its nadir, the MD ratio was lower for the severely in-
jured group (0.59 	 0.06, p � 0.02) than for the mild/
moderately injured group (0.74 	 0.13, figure 2B).

DISCUSSION This study provides the time course
for the changes in MD following injury in a cohort of

Table 1 Clinical data and imaging findings

Patient Gender
Gestational
age, wk Birthweight, g

Apgar score
1, 5, 10 Clinical presentation

Imaging
pattern

Lesion
severitya

1 F 38 4,915 0, 3, 6 Mat eclamp, ventil WM Mild

2 F 41 3,640 2, 5, 6 Fetal bradyc, Sz, ventil Cortex Moderate

3 M 38 4,490 8, 9 Fetal bradyc, CS, Sz WM Mild

4 M 37 2,270 1, 6, 9 Fetal bradyc, Sz DNGM Mild

5 F 40 4,750 0, 3, 4 Uterine rupture, CS, Sz DNGM Severe

6 M 38 4,020 3, 7, 9 Fetal bradyc, Sz DNGM Severe

7 F 37 2,034 0, 3, 3 Uterine rupture, CS, ventil GI Severe

8 M 37 3,425 1, 2 Fetal bradyc, CS, ventil Cortex Mild

9 M 39 3,929 2, 6, 7 Fetal bradyc, Vacf, CS Cortex Mild

10 F 36 2,268 1, 6, 8 Fetal bradyc, Vacf, CS, ventil WM Moderate

11 M 39 2,490 1, 5, 6 Fetal bradyc, CS, ventil WM Severe

12 M 39 3,110 1, 4, 6 Fetal bradyc, ventil WM Mild

13 F 39 3,180 1, 2, 6 Fetal bradyc, CS, ventil WM Mild

14 M 36 3,515 2, 6 Antepart hge, CS, PPHN WM Mild

15 F 39 2,990 4, 8 Nuchal cord, Sz WM Moderate

16 F 36 2,590 2, 2, 4 Abruption, CS, ventil, Sz DNGM Severe

17 F 41 3,649 2, 5, 7 Fetal bradyc, CS, sz Cortex Mild

18 M 38 3,220 2, 4 Skull fracture, Vacf, CS Cortex Mild

19 F 37 2,950 1, 0, 1 Fetal bradyc CS ventil Cortex Severe

20 M 38 3,100 5, 6 Fetal bradyc Vac ventil sz GI Severe

21 F 36 2,430 0, 2, 2 Mat infection CS ventil death GI Severe

22 F 37 2,910 1, 0, 0 Abrupt vac Ventil sz death GI Severe

23 M 38 2,530 1, 2 Meco aspi Ventil death GI Severe

Abbreviations: Antepart hge � antepartum hemorrhage; CS � Cesarean section; DNGM � deep nuclear injury; Fetal bra-
dyc � fetal bradycardia; GI � global injury; Mat eclamp � maternal eclampsia; Mat infection � maternal infection; Meco
aspi � meconium aspiration; PPHN � persistent pulmonary hypertension; Sz � seizures; Vacf � vacuum extraction failure;
Ventil � ventilation support at 24 hours of life; WM � white matter injury.
a Lesion severity is derived and defined by the absolute value of the global score.
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term infants receiving TH, showing that the time
course of the MD reduction is delayed, with a slower
recovery to normal compared to normothermic in-
fants. Pseudonormalization takes place at approxi-
mately 6–8 days17,19,25 for normothermic infants, vs
a prediction of 11–12 days for TH-treated infants. It
should be noted that other authors report longer
pseudonormalization times (8–10 days) in normo-
thermic patients.20

Our data confirm that the severity of brain injury
is strongly related to the magnitude of reduction in
MD. The severest forms of brain injury demon-
strated the largest reduction in MD, though the time
to pseudonormalization was equivalent for the se-
verely and mild/moderately affected groups. The ev-
idence that MD is associated with severity of injury
and neurodevelopmental outcome has been mixed.
Only 1 published study in newborn infants treated
with whole-body hypothermia compared MD values
in the thalami and lentiform nuclei and found no
difference between favorable and unfavorable out-
come groups.26 However, the analysis was performed
during the second week after the injury, possibly af-
ter the pseudonormalization. Several studies, per-
formed in normothermic patients with HIE, have
evaluated the association between MD reduction and
outcome.12,15,26,27 Studies which have reported an as-
sociation between a MD reduction and disability
have usually been performed during the first week of
life.15,27,28 Recent publications argue that measure-
ment 6 days after the injury is necessary to demon-
strate a correlation between MD reduction and
outcome.25,29 Our data also demonstrate the impor-
tance of the timing of the MRI in relation to injury,
with its greatest reduction apparent between days 2
and 6.

In this study, the early fall in MD after injury was
not altered by TH, as the pattern was similar to that
previously documented in the normothermic in-
fants.17 This suggests that the early phase of the HI
process is not affected by TH.4 However, the subse-

Figure 2 Time course of the changes in the MD ratio over the 2 weeks
following injury

In (A) the red circles are reproduced from figure 1 in reference 17 and represent the mean
diffusivity (MD) ratio in normothermic patients. The black circles represent the MD ratio in
patients treated by hypothermia. Superposed on the figure are �-variate functions that
approximate the time course of the data. The red line represents the time course for the
normothermic cohort, and the black line approximates the time course for the hypothermic
group. Notice the delay in time to pseudonormalization in the hypothermia cohort as com-
pared to the normothermia group. In (B) only the hypothermic cohort is presented and is
divided into 2 groups. The red circles represent the mild/moderate injured group, and the
black circles represent the severely injured group. The red line is the �-variate approxima-
tion for the mild/moderate injured group, and the black line represents the time course for
the severely injured cohort. Notice that the MD ratio is lower on average in the severely
injured group but there is no difference in the time of pseudonormalization in the 2 groups.

Table 2 Time course (in days after birth) of
mean diffusivity ratio values

Days after
birth

Mean diffusivity,
mean � SD

Patient
no.

1–2 0.54 	 0.15 10

3–4 0.55 	 0.15 4

5–6 0.64 	 0.16 6

7–8 0.65 	 0.14a 5

9–10 0.83 	 0.07 7

>10 0.90 	 0.12 5

a Day equivalent values for normothermic patients (18):
0.97 	 0.12.
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quent time course of MD changes is delayed. The
mechanisms by which TH slows the time course of
MD changes following injury are unknown. It is dif-
ficult to speculate on this mechanism because the
means by which hypothermia is neuroprotective are
unknown. Further, the neuroprotective mechanisms
of hypothermia may be of limited relevance to the
time course of MD ratio changes in injured tissue
because the areas in which the prolonged reduction
in MD is present are not protected by definition—
they go on to show injury on late MRI. Nevertheless,
there may be some value in examining mechanisms
of injury and the effects of hypothermia.

Hypoxic ischemia induces a biphasic injury with
an immediate followed by a delayed phase of energy
failure.30 It has been suggested that hypothermia acts
by a variety of mechanisms: reducing cerebral metab-
olism,31 stabilizing the blood– brain barrier,31 de-
creasing the inflammatory and excitatory amino
acids response,32 or suppressing apoptosis.33 Of note,
these are all processes potentially involved in the de-
layed phase of cerebral injury.34 It is conceivable that
hypothermia converts areas destined for necrosis into
areas undergoing prolonged apoptosis or that it pro-
longs the duration of the secondary energy failure in
areas destined to show injury on late MRI. MD re-
duction is correlated with increased caspase 3 activ-
ity, a quantitative marker of apoptotic injury, 24
hours after HI in newborn rodents.35 Thus, the pro-
longed reduction in MD ratio may reflect prolonged
apoptotic-like change with hypothermia. Brain

immunohistologic studies of the postnatal day 9
HI mouse, mimicking lesions observed in term ne-
onates,36 would be helpful to corroborate this
hypothesis.

There are some limitations to our study, though
they do not negate its principal findings. The first is
that the interpretation of the time course of the MD
is complicated by a lack of precise knowledge of the
timing of the injury. The data are reported in relation
to the time of birth, although only a small fraction
(�10%) of HIE is associated with a clear sentinel
event. The majority of cases involve a combination of
prenatal and perinatal compromise that may have oc-
curred for days prior to delivery.37–39 In addition, our
retrospective design has unavoidable variability in the
timing of the MRI scans and in the acuity of the
injury (acute, repetitive, or protracted). The nature
of the injury in our study is also variable and includes
mild/moderate hypoperfusion with secondary energy
failure, severe global hypoperfusion with acute ne-
crosis, and focal/embolic injury. Further, the MRI
reviews were done by 3 people, with differences re-
solved by consensus, and therefore do not provide an
opportunity for assessing intraobserver and interob-
server variability.

MD has a weak dependence on temperature
(2.4% per 1°C change) and thus diffusion measure-
ments made during the cooling period are expected
to be lower than those performed at normal body
temperature.40 The additional decrease in the MD in
the first 3 days is calculated to be 8.5%, which would
change figure 2 and table 2 slightly, but would not
alter the conclusions.

The distribution of injuries to our population is
consistent with that in some other studies. Nine out
of 23 patients (39%) had DNGM injury (4 as the
primary injury and 5 as part of GI), as compared
with 75% and 50% reported in a population that
underwent, respectively, whole body and selective
head cooling.9 Due to different practices, our popu-
lation is likely to have different patterns and severity
of injury than those seen in other hospitals. Our pop-
ulation of infants appeared less severely injured than
another reported population.9 An additional limita-
tion of our study is its retrospective design, with the
control group performed years before the study
group. In comparison to another study,17 our cohort
had several patients with GI, an injury pattern not
included in the prior study. However, a prospective
study in which subjects are randomized to normo-
thermia and TH is not ethically feasible.

Finally, our assessment of injury severity was
based on late MRI results. In the future, it will be
important to determine severity of injury through
neurodevelopmental follow-up as well. TH in term

Figure 3 Correlation between global score (horizontal axis) and MD ratio
(vertical axis)

A highly significant negative linear correlation is seen between the global score and the
mean diffusivity (MD) ratio (Pearson correlation coefficient, r � �0.59).
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infants may not alter the initial decline of MD ratio
after brain injury, but does prolong the time to
pseudonormalization. This altered time course ex-
tends the window during which lesions are visible on
DWI and has implications for the interpretation of
these studies. In addition, quantitative measurement
of MD during the first week of life has the potential
to help quantify the severity of brain injury. Impor-
tantly, these findings raise the possibility of a pro-
longed therapeutic window following TH, although
this would require further study for confirmation.
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